The anterior part of the embryonic telencephalon gives rise to several brain regions that are important for animal behavior, including the frontal cortex (FC) and the olfactory bulb. The FC plays an important role in decisionmaking behaviors, such as social and cognitive behavior, and the olfactory bulb is involved in olfaction. Here, we show the organizing activity of fibroblast growth factor 8 (Fgf8) in the regionalization of the anterior telencephalon, specifically the FC and the olfactory bulb. Misexpression of Fgf8 in the most anterior part of the mouse telencephalon at embryonic day 11.5 (E11.5) by ex utero electroporation resulted in a lateral shift of dorsal FC subdivision markers and a lateral expansion of the dorsomedial part of the FC, the future anterior cingulate and prelimbic cortex. Fgf8-transfected brains had lacked ventral FC, including the future orbital cortex, which was replaced by the expanded olfactory bulb. The olfactory region occupied a larger area of the FC when transfection efficiency of Fgf8 was higher. These results suggest that Fgf8 regulates the proportions of the FC and olfactory bulb in the anterior telencephalon and has a medializing effect on the formation of FC subdivisions.
Introduction
The frontal cortex (FC) and olfactory bulb develop from the most anterior part of the embryonic telencephalon. In adult mammals, the FC is composed of the prefrontal, premotor and motor cortices. The prefrontal cortex can be further subdivided into lateral, medial and orbital areas, according to their structure and function (Heidbreder & Groenewegen 2003; Dalley et al. 2004; Passingham & Wise 2012; Petrides et al. 2012; Van De Werd & Uylings 2014; Fuster 2015) . A small bulge protrudes from the anterior ventral part of the telencephalon, giving rise to the olfactory bulb (Sanes et al. 2011) .
Fibroblast growth factor (Fgf) 8 is widely accepted as an organizing molecule for brain development Nakamura et al. 2005 Nakamura et al. , 2008 Harada et al. 2016) . In early developmental stages, Fgf8 is expressed in the anterior neural ridge (ANR) and the mid/hindbrain boundary (isthmus) of the neural tube. Fgf8 expressed in the isthmus organizes the optic tectum and the cerebellum in the midbrain and the hindbrain, respectively (Sato et al. 2001; Sato & Joyner 2009; Harada et al. 2015) . Fgf8 in the ANR has been shown to play a pivotal role in regulating the neocortical area map along the anteriorposterior axis (Fukuchi-Shimogori & Grove 2001 ). An enhancement of the Fgf8 signal shifted the cortical area boundaries posteriorly, and a reduction of the signal shifted the boundaries anteriorly (Fukuchi-Shimogori & Grove 2001; Garel et al. 2003; Storm et al. 2006; Sahara et al. 2007) . Misexpression of Fgf8 in the posterior cortical primordium caused a duplication of the somatosensory barrel structure in a mirror image (Fukuchi-Shimogori & Grove 2001; Assimacopoulos et al. 2012) . Ectopically induced Fgf8 in the mid-lateral part of the cortical primordium induced FC-related genes around the misexpression site (Assimacopoulos et al. 2012) . Thus, it has been accepted that Fgf8 regulates the neocortical area map by conferring an anterior character on the cerebral cortex. However, the contribution of the Fgf8 signaling to the formation of the FC subdivision remains to be elucidated.
Fgf8 also plays a pivotal role in the development of the olfactory bulb. Fgf8 hypomorphic mutant mice (Fgf8 neo/neo ) lack olfactory bulb, which suggests that Fgf8 is required for their development (Meyers et al. 1998; Garel et al. 2003; Storm et al. 2006) . However, the role that Fgf8 in the ANR plays in the differentiation of the olfactory bulb remains unknown. We aimed to further confirm the requirement of Fgf8 signaling in the development of the olfactory bulb by overexpressing Fgf8. Rubenstein (2007, 2008) identified various genetic markers that are regionally expressed in FC subdivisions and examined the effects of Fgf8 and Fgf17, which are expressed in the ANR. They showed that the borders of several marker genes expressed in the dorsal FC shifted medially in Fgf17 null mutants, resulting in a smaller dorsomedial FC (anterior cingulate cortex and prelimbic cortex), while no changes in marker gene expression were observed within the ventral FC (orbital cortex). Fgf8 hypomorphic mutants showed more severe phenotypes than Fgf17 mutants: their orbital cortex was much smaller than that of wild-type mice. The borders of several marker genes shifted medially in the dorsal part of the FC. The dorsal (lateral precentral cortex and medial precentral cortex) and dorsomedial FC were presumably transformed into more caudal structures in Fgf8 hypomorphic mutants. From these studies, it is supposed that Fgf8 is involved in the formation of the FC subdivision by medializing the anterior cortical primordium.
The aim of the present study is to elucidate how Fgf8 organizes the development of the most anterior part of the brain including the FC and the olfactory bulb. To achieve this, we misexpressed Fgf8 in the most anterior pole of the neocortical primordium of mouse embryos by ex utero electroporation and examined (i) the morphological changes and regionalization of the FC and the olfactory bulb, (ii) how excess Fgf8 affected the development of the FC subdivision and (iii) the stage-dependent differential relationships between Fgf8 and Fgf17 gene expression. In Fgf8-transfected brains, the dorsomedial FC (the anterior cingulate and prelimbic cortex) expanded, the ventral FC (the orbital cortex) was undifferentiated, and the olfactory bulb increased in size. These findings suggest that Fgf8 may anterorize and medialize the anterior part of the cortical primordium, and may play a pivotal role in the formation of the most anterior brain regions including the FC and the olfactory bulb.
Materials and methods

Animals
All animal experimental procedures were approved by the Tohoku University committee for animal experimentation (2013IrA-001, 2014IrA-007, 2016IrA-005) and conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. ICR mice were purchased from Clea Japan, Inc. Noon of the day that a vaginal plug was detected was designated as embryonic day (E) 0.5.
Plasmids
To prepare pCAG-EYFP-CAG-Fgf8, a SmaI and SacI fragment coding mouse Fgf8b (Riken mouse FANTOM clone ID 2610103C23, DNAFORM) was inserted downstream of the second CAG promoter of pCAG-EYFP-CAG ( 
Ex utero electroporation
Ex utero electroporation was carried out as described previously (Saito & Nakatsuji 2001; Saito 2006; Sato et al. 2013) . Embryos were exposed by cutting the uterine wall. A plasmid solution of pCAG-EYFP-CAGFgf8 (1.0 lg/lL) was injected into the lateral ventricle of the telencephalon at E11.5. To transfect the expression vector into the most anterior pole of the telencephalon, a cathode and an anode were placed near the anterior and posterior poles, respectively (Fig. 1C) . A rectangular pulse of 23 V and 50 ms was charged five times by using a CYU21 electroporator (BEX CO., Ltd, Tokyo, Japan). Each result was reproduced in several brains and embryos. Since brains transfected with a control vector, pCAG-EYFP (1.0 lg/lL), under the same condition did not show morphological changes (n = 2) from the intact brain at P0, and previous studies also showed that electroporation in a similar condition did not affect morphology and gene expression pattern in the forebrain (Fukuchi-Shimogori & Grove 2001; Sato et al. 2001 Sato et al. , 2013 , the untransfected side was adopted as the control in this study.
In situ hybridization
In situ hybridization was performed as described previously (Takahashi & Osumi 2002; Kikkawa et al. 2013) . cDNAs for Fgf8 (Crossley & Martin 1995) , Fgf17 (Xu et al. 1999) , Fgf18 (Maruoka et al. 1998; Xu et al. 2000) , Spry1 (Minowada et al. 1999 ), Spry2 (Minowada et al. 1999 , Lmo4 (Bulchand et al. 2003; Wang et al. 2004; Duquette et al. 2010) , Cdh8, Id2, Ntf3 (Cholfin & Rubenstein 2007) , Neurog2 (Fode et al. 1998) , Cdh6 (Rubenstein et al. 1999) The expression vector pCAG-EYFP-CAG-Fgf8 was transfected into the right cortical primordium (exp in F). The left cortical primordium was used as an internal control (cont in F). In situ hybridization was performed to detect the expression of
and N show adjacent sections of the anterior part containing the Fgf8 misexpression site (arrow in F). Expression of the Fgf8 target genes Spry1 and Spry2 were observed around the Fgf8 misexpression site (arrows in H and J), suggesting that functional Fgf8 protein is produced by pCAG-EYFP-CAG-Fgf8. Fgf17 and Fgf18 were not induced by the misexpression of Fgf8 (L,N). Panels G, I, K, M and O show adjacent sections of the posterior part containing the commissural plate (cp). Control and experimental sides are indicated by black and green arrows, respectively. Endogenous expression of Fgf17/18 in the commissural plate was not affected by Fgf8 misexpression. Spry1/2 expression slightly extended to the dorsal area on the experimental side. Scale bars: 400 lm. Sections are displayed at the same magnification.
ª 2017 Japanese Society of Developmental Biologists 4°C overnight, submerged in 30% sucrose/PBS, and embedded in OCT compound (Sakura). Then, 14 lm frozen sections were made and processed for in situ hybridization.
Histology
P0 brains were fixed with 4% paraformaldehyde/PBS at 4°C overnight, submerged in 30% sucrose/PBS, and embedded in OCT compound (Sakura). Then, 14 lm frozen sections were made and stained with thionine. Images were captured with BZ-X700 microscopy (Keyence, Osaka, Japan).
Results
Fgf8 can ectopically induce Spry1/2, but not Fgf17/18, in the anterior telencephalon First, we assessed the effects of Fgf8 on Sprouty1 (Spry1) and Sprouty2 (Spry2), which are readouts of Fgf signaling and are normally co-expressed with Fgf8 in the organizing center, the ANR and the isthmus at early developmental stages (Minowada et al. 1999; Suzuki-Hirano et al. 2005 . The expression level of Spry1/2 has been shown to decrease in the ANR of Fgf8 hypomorphic mutant mice (Cholfin & Rubenstein 2008) . Fgf8 is expressed in the ANR of wild-type mice from E8.5 to approximately E13. The Fgf8 expression vector pCAG-EYFP-CAG-Fgf8 was transfected into the most anterior pole of one hemisphere of the neocortical primordium by ex utero electroporation at E11.5, when endogenous Fgf8 is still highly expressed in the ANR ( Fig. 1A-E ). This transfection site is different from the endogenous Fgf8 expression site in the ANR, which resides at the most anteromedial part between both hemispheres (Fig. 1D ). Spry1/2 were induced around the Fgf8 misexpression site at E12.5 ( Fig. 1F , H,J) and E13.5 (data not shown), suggesting that Fgf8 protein may be produced and function near the misexpression site of pCAG-EYFP-CAG-Fgf8. Next, we examined whether ectopic Fgf8 can induce Fgf17 and Fgf18 expression in the anterior telencephalon, as the expression level of Fgf17/18, a member of the same Fgf subfamily as Fgf8, is decreased in Fgf8 hypomorphic mutants (Cholfin & Rubenstein 2008) , which suggests that Fgf8 is upstream of Fgf17/18. Fgf17/18 were not induced by Fgf8 misexpression at either E12.5 or E13.5 (Fig. 1L,N , data not shown). We also examined whether Fgf8 misexpression at the anterior pole of the cerebral primordium affects the endogenous expression of Fgf17/18 and Spry1/2 in the ANR (Fig. 1G,I Fgf8-transfected brains show shrinkage of the FC and enlargement of the olfactory bulb Next, to assess the role of Fgf8 in regionalization of the FC and olfactory bulb, we examined gross morphology of P0 brains transfected with pCAG-EYFP-CAG-Fgf8 at E11.5 (Fig. 1A) . The success of Fgf8 transfection was confirmed by EYFP fluorescence at the most anterior part of the cerebral cortex under a fluorescence microscopy ( Fig. 2A) . One out of 10 Fgf8-transfected P0 brains did not show gross morphological anomaly presumably due to low transfection efficiency. In six transfected brains, the sulcus between the FC and olfactory bulb was not recognized ( Fig. 2A,  B) . Olfactory bulb-like protrusion seemed to be smaller in the brain with higher transfection efficiency. In another one transfected brain, the FC seemed to be expanded anteriorly and the olfactory bulb-like protrusion was not recognized in the transfected side (Fig. S1A ). Two out of the ten transfected brains showed exencephaly. Some brains were further examined histologically. Coronal sections were made from three out of the six brains that lacked the sulcus between the FC and the olfactory bulb. On the control side, the FC and the olfactory bulb were clearly demarcated (Fig. 2C,D,I ). However, on the experimental side, the border between the FC and olfactory bulb was not clear (n = 3/3). At the anterior level of the experimental side, the cerebral cortex became smaller (black arrowheads in Fig. 2C , n = 3/3). It appeared that the ventral FC (the orbital cortex), as indicated by green arrowheads on the control side, was missing on the experimental side (Fig. 2C,D,I , n = 3/3). The olfactory ventricle became larger and both the ventricular and mantle zones were thicker on the experimental side (Fig. 2C , D,I, n = 3/3). In the ventral part of the FC, which corresponds to the orbital cortex, the cortical plate was not discerned. These results indicate that the olfactory bulb-like structure differentiated instead of the FC in the ventral part of the FC (Fig. 2J) . Contrary to the gross morphological appearance, (i.e., the olfactory bulb seemed to be smaller in the brain of higher transfection efficiency judged from the EYFP fluorescence, compare Fig. 2A,B) , histological analyses revealed that olfactory region occupied a larger area when Fgf8 signal was higher (compare Fig. 2D,I) . At the caudal level, ª 2017 Japanese Society of Developmental Biologists the medial orbital cortex could be observed in the brain with lower transfection efficiency (red arrowheads in Fig. 2D , the orbital cortex of the control side is indicated by green arrowheads). However, when the transfection efficiency was higher, all areas of the orbital cortex were missing (Fig. 2I) . The marginal zone of the dorsolateral cortex was thicker than that of the dorsomedial cortex on the control side (Fig. 2E ,G, indicated as "mz", average thickness of the marginal zone of nine sections from three different brains: 89.3 AE 4.8 lm (lateral) and 49.1 AE 2.9 lm (medial), AE standard error of the mean). On the experimental side, Cortical structure (black arrowheads) was discernible, but much smaller than the proper cortex. Green arrowheads indicate the ventral FC (orbital cortex) on the control side. (J) Schematic drawing showing regional changes of the FC and the olfactory bulb by Fgf8 misexpression. cont, control side; DFC, dorsal part of the frontal cortex; exp, experimental side; FC, frontal cortex; mz, marginal zone; OB, olfactory bulb; VFC, ventral part of the frontal cortex (orbital cortex). Scale bars: 1 mm for panels A-C, 100 lm for panel E. Sections in panels C, D and I and panels E-H are presented at the same magnification, respectively.
ª 2017 Japanese Society of Developmental Biologists the marginal zone of the dorsolateral cortex appeared comparable to the dorsomedial cortex (Fig. 2E,F In coronal sections of the brain in which olfactory bulb-like protrusion was missing (Fig. S1A,B) , only one ventricle and the ventricular zone were discernible, corresponding to the gross morphology. However, the cortical plate was not found so that the structure resembled that of the olfactory bulb (Fig. S1C) .
The higher the transfection efficiency was, the more severe the morphological change was (Fig. 2B,I ). The morphology of the cerebral cortex was heavily affected even in the more caudal part.
Excess Fgf8 signal induces the dorsomedial FC
The previous histological analysis suggests that the FC subdivisions were affected by excess Fgf8 signal. We performed in situ hybridization to examine the expression patterns of several marker genes that are expressed in the FC in a region-specific manner (Cholfin & Rubenstein 2007 & Rubenstein , 2008 . We chose P0 brains, in which the FC morphology was not severely affected (Fig. 2B) , and made coronal sections.
First, we examined the expression of LIM domain only 4 (Lmo4) and Cadherin8 (Cdh8) in Fgf8-transfected brains. Lmo4 protein contains two LIM domains, but lacks a DNA-binding homeodomain and is thought to act as a transcriptional regulator (Bulchand et al. 2003; Wang et al. 2004; Duquette et al. 2010) . Cdh8 is a member of the cadherin family and mediates cell adhesion (Korematsu & Redies 1997; Takeichi 2007 ). On the control side, Lmo4 and Cdh8 were strongly expressed in the dorsal and dorsomedial FC (yellow arrowheads in Fig. 3A1-4 ,B1-4) and the orbital cortex (ventral side of the cortical primordium, green arrowheads in Fig. 3A1-3,B1-3) . On the experimental side, Lmo4 and Cdh8 expression extended laterally (black arrowheads in Fig. 3A1-4 ,B1-4) and were not found around the intermediate area between the FC and the olfactory bulb (Fig. 3A1-3,B1-3) . These results were consistent with our histological observations (Fig. 2B,C,I ) that the dorsal and dorsomedial FC extended laterally and that the orbital cortex was lacking in Fgf8-transfected brains. The medialization of the dorsal part of the FC was also confirmed by the expression of inhibitor of DNA binding 2 (Id2), which encodes a helix-loop-helix (HLH) transcription factor and is thought to inhibit the function of basic HLH transcription factors by heterodimerization (Ling et al. 2014) . On the control side, Id2 expression was broader than that of Lmo4 and Cdh8. Id2 was expressed not only in the dorsal and dorsomedial FC but also in part of the dorsolateral FC and the parietal cortex (yellow arrowheads in Fig. 3C1-4) . On the experimental side, Id2 expression extended laterally compared to the control side (black arrowheads in Fig. 3C1-4) . Neurotrophin 3 (Ntf3), which is a neurotrophic factor (Kalb 2005) , was expressed in the dorsal and dorsolateral FC of the control side (yellow arrowheads in Fig. 3D1-4) . In contrast, Ntf3 expression was not detected in the anterior part of the cortex Fig. 3 . Excess Fgf8 signal induces the dorsomedial FC. Panels in the same column show adjacent sections hybridized with probes for Lmo4 (A1-4), Cdh8 (B1-4), Id2 (C1-4), Ntf3 (D1-4), Neurog2 (E1-4), Cdh6 (F1-4) and Lmo3 (G1-4). An Fgf8 expression vector was transfected into the right side of the telencephalon (right half of the sections, representatively indicated as "exp" in panel A1). The left side of the telencephalon was used as an internal control (representatively indicated as "cont" in panel A1). Red arrows indicate the border of the dorsolateral FC (dL) and the dorsal FC. Red arrowheads in panels D1-4 indicate the border of the dorsal FC and the dorsomedial FC (dM). Yellow arrowheads indicate gene expression on the control side. Black arrowheads indicate the cerebral cortex on the experimental side. Green arrowheads in A1-3 and B1-3 indicate Lmo4 and Cdh8 expression, respectively, in the ventral FC (the orbital cortex). Green arrowheads in C1-3 indicate ectopic expression of Id2 on the experimental side. Orange arrows indicate the semicircular expression of Id2 in the olfactory bulb. In the most anterior part (first column), Lmo4, Cdh8 and Id2 are expressed in the FC of the control side (A1, B1 and C1, yellow arrowheads). On the experimental side, Lmo4, Cdh8 and Id2 are also expressed in the small cortex-like structure, but their expression is weak (A1, B1 and C1, black arrows). In the more posterior region (second and third column), almost the entire cortex on the experimental side expressed the combination of marker genes for the dorsomedial FC (dM). The gene expression pattern at the more posterior region (fourth column) was similar to that of the third column, except for Ntf3, the dorsal FC marker gene. Ntf3 expression was detected in the dorsal part of the cortex on the experimental side (D4), but not in the more anterior region (D3). The border of the dorsomedial FC (dM) and the dorsal FC shifted laterally on the experimental side compared to the control side (red arrowheads in D4). (Fig. 3D1-3 , black arrowheads). This result, along with the expression pattern of Lmo4 and Cdh8, suggests that the anterior part of the cortex may possess characteristics of the dorsomedial FC. Ntf3 expression was detected in the posterior part of the experimental side (Fig. 3D4) . The medial border of this expression shifted laterally (Fig. 3D4, red arrowheads) Fig. 4 . Excess Fgf8 signal expands the dorsal FC at the expense of the parietal cortex. Panels in the same column show adjacent sections. In situ hybridization was performed to detect the expression of Lmo4 (A1-4), Cdh8 (B1-4), Id2 (C1-4), Ntf3 (D1-4), Neurog2 (E1-4), Cdh6 (F1-4) and Lmo3 (G1-4). Red arrows indicate the border of the parietal cortex (par) and the dorsal FC (Cholfin & Rubenstein 2007 . Red arrowheads indicate the border of the dorsomedial FC (dM) and the dorsal FC. Black arrows indicate the borders of the parietal cortex and the insular cortex. The borders of the dorsomedial FC and the dorsal FC appeared normal on the experimental side. However, markers for the dorsal FC shifted to the parietal area. Scale bar: 1 mm for panel A1. All sections in Figure 4 are presented at the same magnification.
ª 2017 Japanese Society of Developmental Biologists cortical area with properties similar to the dorsomedial FC expanded laterally. Moreover, the lateral border of Ntf3 expression shifted laterally, and the expression domain was broader than that of the control side (Fig. 3D4, black arrowheads) , indicating that the area with properties similar to the dorsal FC property also expanded. Consistent with these results, Cadherin 6 (Cdh6) (Suzuki et al. 1997; Inoue et al. 1998) and LIM domain only 3 (Lmo3) (Bulchand et al. 2003) were not detected in the cortex on the experimental side (black arrowheads in Fig. 3F1-4,G1-4 ), but they were expressed in the dorsolateral FC or the parietal cortex of the control side (yellow arrowheads in Fig. 3F1-4 , G1-4).
On the control side, Id2 expression was strong in the upper cortical plate (indicated as "ucp" in Fig. 3I ) within the dorsomedial FC (Fig. 3I, dM) , and relatively weak in the upper cortical plate (ucp) of the medial orbital cortex (Fig. 3I, MO) . A similar expression pattern of Id2 was observed on the experimental side (Fig. 3I , exp). Neurogenin 2 (Neurog2), a proneural gene that encodes the basic HLH transcription factor (Fode et al. 1998) , was expressed in the medial orbital cortex of the control side (Fig. 3J, yellow arrowheads) , whereas it was expressed in the ventromedial part of the cerebral cortex on the experimental side (Fig. 3J, black  arrowheads) . From these observations, we speculate that the medial orbital cortex might have developed on the experimental side.
Corresponding to the enlargement of the olfactory bulb by Fgf8-transfection (Fig. 2) , the distribution of Neurog2-expressing cells on the experimental side was wider than the control side (Fig. 3K,L) . The strong semicircular expression of Id2 on the experimental side was also larger than that on the control side ( Fig. 3C1-4 , orange arrows). In addition, ectopic Id2 expression was detected in the middle part of the experimental side (Fig. 3C1-3, green arrowheads) . This Id2 expression was not as well organized as the endogenous Id2 expression, but it surrounded the thick mantle zone on the transfected side. These results, along with the histological analysis, indicate that the olfactory bulb became larger in Fgf8-transfected brains.
Excess Fgf8 signal expands the dorsal FC at the expense of the parietal cortex
We further analyzed the gene expression patterns in a more posterior region of the cortex. On the control side, Lmo4 and Ntf3 were expressed in the dorsal FC but were not expressed in the parietal cortex (between the red and black arrows on the control side) (Fig. 4A1-4 ,D1-4). Cdh8 was strongly expressed in the dorsal FC, but weakly expressed in the parietal cortex of the control side (Fig. 4B1-4 ). Cdh6 and Lmo3 were strongly expressed in the parietal cortex and weakly expressed in the dorsal FC (Fig. 4F1-4 , G1-4). On the experimental side, the expression of Lmo4, Cdh8 and Ntf3 extended laterally compared to that of the control side (Fig. 4A1-4,B1-4,D1-4) . On the experimental side, we also found a lateral shift of medial borders of strong Cdh6 and Lmo3 expression (Fig. 4F1-4,G1-4) . Id2 was expressed dorsomedially on the control side, and the Id2 expression extended laterally on the experimental side (Fig. 4C1-4) . These results indicate that the dorsal FC expands at the expense of the parietal cortex, as previously reported (Fukuchi-Shimogori & Grove 2001; Assimacopoulos et al. 2012) . The medial border of Ntf3 expression, which delineates a boundary between the dorsal FC and the dorsomedial FC, did not change on the experimental side compared to the control side ( Fig. 4D1-4 , red arrowheads).
Discussion
In the present study, we performed Fgf8 misexpression in the anterior telencephalon of E11.5 mouse embryos by ex utero electroporation to elucidate the organizing activity of Fgf8 on the anterior part of the telencephalon. In Fgf8-transfected brains, the ventral part of the FC (the orbital cortex) was lacking. Furthermore, in the dorsal part of the FC, expression borders of its subdivision markers shifted laterally. In addition, excess Fgf8 signal forced the dorsomedial FC to expand. The area expressing the dorsal and dorsomedial FC markers Lmo4, Cdh8 and Id2, but not the dorsal and/or dorsolateral FC markers Ntf3, Cdh6 nor Lmo3 was enlarged. The olfactory bulb was enlarged in Fgf8-transfected brains. In early stages, ectopic Fgf8 did not affect the expression of Fgf17, which has been shown to regulate the regionalization of FC subdivisions. The above is the essence obtained in this study and will be discussed below in detail.
Fgf8 misexpression at the most anterior pole of the neocortical primordium caused a lateral shift of the expression borders of FC subdivision markers and expansion of the area that expresses a combination of markers for the dorsomedial FC. At an anterior level (second and third columns in Fig. 3 ) on the experimental side, the entire region of the cerebral cortex expressed combinations of markers for the dorsomedial FC; Lmo4, Cdh8 and Id2 were expressed, but Ntf3, Cdh6 and Lmo3 were not. At a posterior level (fourth column in Fig. 3) , the lateral borders of Lmo4, Cdh8 and Id2 expression shifted laterally. In addition, ª 2017 Japanese Society of Developmental Biologists both the medial and lateral borders of Ntf3 expression shifted laterally. At a more posterior level (Fig. 4) , the lateral borders of Lmo4, Cdh8, Id2 and Ntf3 expression and medial borders of Cdh6 and Lmo3 expression shifted laterally. Histological analysis showed that the cortical area, of which thickness of the marginal zone was comparable to that of the dorsomedial FC, was expanded laterally. These results suggest that Fgf8 has an effect to medialize the dorsal part of the FC and that the strong Fgf8 signal induces the dorsomedial FC, which corresponds to the area anatomically defined as Cg1, Cg2 and Cg3 (Zilles & Wree 1995) or ACd, ACv and PL (Krettek & Price 1977) . This notion is supported by the result that a reduction of Fgf8 signaling in Fgf8 hypomorphic mutant mice exerted opposite effects; the dorsal expression borders of Lmo4, Cdh8, Id2 and Ntf3 shifted medially (Cholfin & Rubenstein 2008 ). Thus, we speculate that Fgf8 may play a role in the regionalization of FC subdivisions by medializing the dorsal part of the FC. It is possible that a gradient of Fgf8 signaling may specify FC subdivisions, with high levels present medially and low levels present laterally.
The orbital cortex is situated at the ventral part of the FC, where Lmo4 and Cdh8 are expressed, and abuts the olfactory bulb. In Fgf8-transfected brains, the ventral part of the FC was histologically continuous with the olfactory bulb. Lmo4 and Cdh8 expression was not detected, and a layered structure characteristic of the developing cortex was not found. These results indicate that the orbital cortex does not develop in Fgf8-transfected brains. As mentioned previously, Fgf8 hypomorphic mutants show reductions in size of the orbital cortex (Cholfin & Rubenstein 2008 ). Thus, an appropriate level of Fgf8 signal may be required for the proper development of the orbital cortex.
It is also important to discuss the phenotypes of Fgf17 mutants (Cholfin & Rubenstein 2007 . Fgf17 belongs to the same Fgf subfamily as Fgf8 and is expressed in the ANR (Maruoka et al. 1998; Xu et al. 1999) . In Fgf17 mutant mice, the dorsal part of the FC lateralized, and the dorsomedial FC decreased in size, whereas Fgf8 expression in the ANR was not affected. Furthermore, the orbital cortex developed normally, suggesting that Fgf17 also contributes to the arealization of the dorsal part of the FC. In the present study, the expression of Fgf17 was not changed after the transfection of Fgf8 at E11.5, indicating that the phenotypes created by Fgf8 misexpression may be caused not indirectly by Fgf17 signaling, but directly by Fgf8 signaling. Because Fgf17 expression decreased in Fgf8 hypomorph mutant mice at E10.5 (Cholfin & Rubenstein 2008) , it is possible that Fgf8 may act upstream of Fgf17 before E11.5 and that Fgf8 and Fgf17 may be independently regulated after E11.5. Further elucidation of molecular mechanisms, including the relationship between Fgf8 and Fgf17, is required.
Requirement of Fgf8 for the development of the olfactory bulb has been suggested since Fgf8 hypomorphic mutant mice (Fgf8 neo/neo ) lack the olfactory bulb (Meyers et al. 1998; Garel et al. 2003; Storm et al. 2006) . In our study, the olfactory bulb was enlarged and expanded dorsally after the misexpression of Fgf8. The ventral FC was replaced with the olfactory bulb structure. Larger olfactory structure differentiated in the brain with higher Fgf8 transfection. Our results suggest that a high level of Fgf8 signal may primarily induce the olfactory bulb and secondarily the dorsomedial FC. Thus, strength of Fgf8 signal may be a crucial factor for regionalization of the most anterior telencephalon.
In conclusion, Fgf8 has a medializing effect on the dorsal part of the FC, and a moderate level of Fgf8 signal may be required for the proper development of the ventral part of the FC. The present study also suggests that Fgf8 may regulate the size of the olfactory bulb. As in the isthmus, the level of Fgf8 signaling may be key to the development of the most anterior part of the telencephalon, which includes the FC and the olfactory bulb.
